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Biofuel cells that generate electricity from renewable fuels, such as carbohydrates, must be reusable through 
repeated refuelling, should these devices be used in consumer electronics. We demonstrate the stable 
generation of electricity from a glucose-powered mediated biofuel cell through multiple refuelling cycles. 
This refuelability is achieved by immobilizing nicotinamide adenine dinucleotide (NAD), an 
electron-transfer mediator, and redox enzymes in high concentrations on porous carbon particles 
constituting an anode while maintaining their electrochemical and enzymatic activities after the 
immobilization. This bioanode can be refuelled continuously for more than 60 cycles at 1.5 mA cm -2 
without significant potential drop. Cells assembled with these bioanodes and bilirubin-oxidase-based 
biocathodes can be repeatedly used to power a portable music player at 1 mW cm -3 through 10 refuelling 
cycles. This study suggests that the refuelability within consumer electronics should facilitate the 
development of long and repeated use of the mediated biofuel cells as well as of NAD-based biosensors, 
bioreactors, and clinical applications. 

Biofuel cells are expected to be next- generation energy devices capable of generating electricity from renew- 
able fuels, such as sugars, alcohols and organic acids, using enzymes or microorganisms as catalysts 15 . Since 
these cells are lightweight (their construction requires minimal amounts of metal), easy to fuel (they use 
fuels that are readily available and have high energy density), and safe (they operate at neutral pH), they are well 
suited for use in mobile consumer electronic devices, including portable music players and smart phones 6 . 
Compared to conventional secondary batteries and other fuel cells using platinum catalysts, biofuel cells using 
molecular catalysts do not tolerate repeated use very well. This is a significant disadvantage because reusability is a 
necessity for fuel cells 6 . The repeated use of biofuel cells is limited by the activity of the biocatalytic components. 
The activity of biofuel cells can be lost gradually by destabilization of the components or by leaching of the 
components from the cell electrode into solution. In the latter case, a significant portion of the catalytic compo- 
nents are removed from the cell when the fuel is exchanged for refuelling; the water from a glucose-based fuel, for 
example, is not consumed during operation and is replaced each cycle with the leached components. However, to 
the best of our knowledge, and despite the practicality of this feature, very few have investigated the refuelability of 
biofuel cells. 

Several methods have been studied to reduce the leaching of electrode components. Covalent attachment of 
catalytic components (such as cofactors, electron transfer mediators and enzymes) to the electrode enables strong 
immobilization, however, this method often results in significant loss of the component's catalytic activity. For 
example, a covalent attachment of nicotinamide adenine dinucleotide (NAD), which is a versatile electrode 
component for many redox enzymes, has been used for many bioelectrocatalytic electrodes 7,8 . Though this 
compound was attached to several supports, attachment has been problematic because the bound NAD exhibited 
reduced activity. This reduced activity manifests as a loss of specificity for recognition by enzymes in particular 
using derivatives formed by adding functional groups to the NAD sugar backbone 4,9-13 . The covalent attachment 
of electron mediators based on the polymerization of an osmium complex has been successfully and widely 
applied, not only in biofuel cells, but also in biosensors, including those already being marketed 1417 . To achieve 
sufficiently high power output of greater than 1 mW cm -3 in biofuel cells, much larger amounts of the redox 
moieties are required than are used in biosensors. The immobilization of large amounts of redox moieties is 
considered to be difficult to fabricate, expensive, and unsafe, since the osmium complex is rare and toxic. Direct 
electron transfer (DET) is another way to avoid the leaching of the mediator molecules. In a DET -based system, 
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enzymes (typically in conjunction with a cofactor) directly transfer 
electrons to a metal or carbon electrode surface, so that small electron 
transfer mediator molecules are not required 18 21 . Without covalent 
bonding, some electrode materials, such as carbon nanotubes and 
three-dimensional structured composites, have shown strong 
adsorption for enzymes without significant loss of their activ- 
ities 1819,2226 . The implantable DET-based biofuel cells implemented 
with these carbonaceous materials show day-long continuous per- 
formances in animals 27 . Those nanofibers, however, are sometimes 
subject to scrutiny for safety concerns as they may produce envir- 
onmental and human-health risks, including carcinogenesis 28 . The 
DET is currently limited to the use of specific enzymes, and some of 
the enzymes exhibit a decrease of cell voltage due to an overpotential. 
Furthermore, it is difficult to sequentially oxidize molecules of fuel in 
the DET system. In contrast, a mediated electron transfer, like with 
coupled diaphorase (Di) and NAD system, enables multistaged 
oxidation of fuels with cofactor and mediater by sharing them in 
each step of oxidation. This process works with glucose since the 
sugar can be completely oxidized by a combination of enzymes 
and NAD in living cells 2 ' 30 . 

In this communication, we present a robust immobilisation of 
multiple biocatalytic components - especially NAD - on a carbon 
electrode by using a porous carbon material. This technique is highly 
practical since it is simple, low-cost, safe, robust, and offers good 
energy density. We further demonstrate the repeated reuse of a 
mediated biofuel cell constructed in this manner over a number of 
consecutive fuel exchanges and the powering of a portable music 
player with the biofuel cell. 

Results and Discussion 

We experimented with a mediated bioanode composed of the fol- 
lowing catalytic components shown in Figure 1A: NAD-dependent 
glucose dehydrogenase (GDH), Di, NAD and the mediator anthra- 
quinone-2-sulfonate (AQ2S). Previously, we reported a similar Di- 
linked system but with 2-amino-l,4-naphthoquinone (ANQ) as an 
electron mediator; here, AQ2S is used in this study since it has a 
more negative redox potential than ANQ 31 . This anode has an E° 
value of —0.45 V vs. Ag|AgCl based on the redox potential of 
AQ2S 32 . As shown in Figure 1A, the two-electron oxidation of glu- 
cose in this cell is catalysed by GDH with NAD + . The NADH 
generated by this process is subsequently oxidized by AQ2S through 
Di and the reduced form of the mediator (AQ2SH 2 ) is then oxidized 
on the electrode surface. In this study, we immobilized these cata- 
lytic components on hierarchical porous carbon (HPC) to fabricate 
an anode with sufficient conductivity for electron flow from the 
glucose to the carbon electrode connected to an outer circuit. We 
have previously developed an HPC-based material formed from rice 
husks containing a high concentration of silica dioxide particles 
inside their cells 33 . This HPC was found to contain both micropores, 
with diameters less than 2 nm, and mesopores, with diameters ran- 
ging from 2 to 50 nm, resulting from the removal of silicate particles 
by hydrofluoric acid treatment. HPC also has a unique pore distri- 
bution compared to conventional porous carbons and exhibits both 
high specific surface area and large specific pore volume: 2 X 10 3 m 2 
g -1 and 2 cm 3 g _1 , respectively (Supplementary Figure SI). In prior 
work, we examined an anode electrode fabricated from HPC on 
which biocatalytic components were immobilized, since HPC was 
found to effectively adsorb several chemical compounds within its 
micropores and mesopores 33 . We expected that micropores and 
small mesopores (<10 nm in size) would adsorb small molecules 
(<1 nm in size), including NAD and mediators, and that large 
mesopores (>10 nm) adjacent to the small pores would be readily 
accessed by enzymes in the ranges 3 to 5 nm. Based on these 
assumptions, we theorized that enzymes located in the large pores 
would readily interact with species such as NAD immobilized in the 
small pores (Figure IB). We fabricated a bioanode with the HPC by 



first casting an HPC slurry in water on a carbon fibre sheet and 
drying the sheet at 120°C for 3 h, afterwards, NADH and AQ2S 
were loaded onto the electrode. N-hydroxysuccinimide-activated 
pyrene was subsequently loaded onto the electrode for effective 
immobilization of the enzymes, and then GDH and Di were added. 
The anode was coated with glutaraldehyde-cross-linked poly-L- 
lysine (PLL) to hold the HPC on the carbon fibre. In this study 
we used powdered HPC with an average particle size of approxi- 
mately 4 um (Supplementary Figure S2). We also prepared an elec- 
trode using carbon black particles instead of HPC as a control. The 
HPC electrode had a high specific surface area of more than 1.5 X 
10 3 m 2 g~\ whereas the control electrode had a smaller specific 
surface area of less than 50 m 2 g _1 , as measured by nitrogen gas 
adsorption isotherms. The specific pore volume of the HPC 
decreased upon addition of AQ2S and NAD (Figure 1C), on 
immobilization of 1.3 g of AQ2S and 1.5 g of NAD per gram of 
HPC electrode mass (0.26 g HPC and 0.74 g carbon fibre sheet). 
This decrease in the nitrogen adsorption of the micro and meso- 
pores indicates that NAD and AQ2S occupied a substantial quantity 
of the pores, as predicted. Importantly, the HPC was found to hold 
those small molecules by 10 times higher mass than itself. To estim- 
ate the quantity of immobilized, electrochemically-active AQ2S 
molecules, we performed coulometric measurements using an 
HPC electrode loaded with 4.1 umol cm -2 AQ2S as the input. We 
applied a voltage of —0.65 V vs. Ag|AgCl for 5 min in 1 M phos- 
phate buffer to completely reduce AQ2S to AQ2SH 2 , after which 
coulometry was carried out at 0 V vs. AgjAgCl to monitor the 
cathodic current during the oxidation of AQ2SH 2 back to AQ2S. 
Figure ID presents the coulometric curve after subtracting a back- 
ground obtained without AQ2S. This cathodic current does not 
include current originating from the auto-oxidation of AQ2SH 2 
by oxygen, which can lead to overestimation. The results indicated 
that an AQ2S concentration of at least 2.8 umol cirT 2 AQ2S (equi- 
valent to 70% of the amount initially loaded) was immobilized in the 
pores and remained electrochemically active at the carbon surface. 
Figure IE shows a scanning electron microscopy image of the HPC 
anode with a rigid coating of biocatalytic components covered by 
PLL: elements from the immobilized species were measured by EDX 
(Supplementary Figure S3). 

This electrode was assembled into a working electrode, incorp- 
orating a titanium mesh as an electrical collector, Pt wire as the 
counter electrode and a Ag|AgCl reference electrode (Supplement- 
ary Figure S4) 6 . This electrode had a maximum catalytic current of 
3.1 mA cm -2 measured by cyclic voltammetry; the catalytic current 
rose at less than —0.45 V (Figure 2A). We assessed a rate-limiting 
factor of bioelectrocatalytic performance for the anode by varying the 
composition of catalytic components (Figure 2B). We believe the 
optimal amount of enzyme is the amount described as above: with 
additional enzymes, the catalytic current increased only slightly, 
however, the current decreased significantly upon reducing the 
enzymes, especially Di. This behaviour indicates that the current 
enzyme concentration is optimal both for performance and cost. 
Moreover, a decrease in immobilized NAD did not decrease the 
current. These results suggest that the enzymatic composition of 
our biofuel cell is sufficient to saturate the catalytic current and that 
other factors limit the performance. We also estimated a diffusion- 
limited maximum current for the substrate (Figure 2C). The esti- 
mated current of 4 mA cirT 2 suggests that the catalytic current of the 
HPC anode is not limited by diffusion. The rate-limiting factor(s) is 
not clear at present, although conditions such as pH and proton 
diffusion at the surface of the electrode may play a role. We also 
tested an anode fabricated with different HPCs annealed at 
1400°C, instead of 800°C, changing the total pore volume and the 
sheet resistance, but not the size distribution of pores (Supple- 
mentary Figure S5). This HPC showed a similar bioelectrocatalytic 
performance to that of 800 U C (Supplementary Figure S5C). 
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Figure 1 | Our biofuel cell system with the HPC anode. (A) Reaction scheme for bioelectrocatalysis of glucose via a mediated bioanode and biocathode 
system. The purple arrows indicate electron and proton flow. Electrons are transfered from glucose to the carbon electrode in anode and from the 
carbon electrode to oxygen in cathode. Protons are transferred from the anode to cathode through the separator of woven-fabric paper. (B) Diagrams 
showing the immobilization of biocatalytic components in HPC. (C) Immobilization of AQ2S and NADH in HPC pores as determined via nitrogen 
adsorption isotherms. Note that the pore volumes decrease upon addition of AQ2S and NADH. (D) Coulometry of AQ2S immobilized on an HPC 
electrode. (E) The surface of the HPC anode was imaged by SEM. The white scale bar indicates 20 um. 



Galvanostatic experiments of these anodes were performed at 
1.5 mA cm" 2 using 3 mL of fuel solution, the maximum capacity 
of the fuel container. The fuel solution consisted of 1.0 M phosphate 
buffer at pH 7.0 containing 0.8 M glucose. We exchanged the fuel 
solution at 5 min intervals throughout the experiment. Figure 3A 
presents the potential versus time ( V-t) curves for the HPC electrode 
and the control electrode. The spikes in this figure indicate the points 
at which fuel exchanges occurred. In the case of the control electrode, 
the potential dropped significantly following the first few fuel 
exchanges - the electrode was no longer able to generate 1.5 mA 
cm -2 because of the loss of catalytic activity. In contrast, it is evident 
that the HPC electrode was highly stable and was able to maintain 



approximately the same potential over more than 60 fuel exchanges, 
exhibiting only a slight potential drop from —0.4 to —0.35 V. The 
HPC electrode also showed only slight leaching of catalytic compo- 
nents, losing less than 10% of the NADH and AQ2S after multiple 
exchanges of the fuel solution (Figure 3B and 3C). Conversely, these 
compounds readily leached from the control electrode. Leaching was 
mainly observed in the early cycles, although very slight leaching 
might have occurred continuously and affected the stability of anode 
potential. The initial leaching from the HPC may be attributed to 
remnant molecules adsorbed on the surface of the HPC rather than 
trapped in the pores. The results indicate that the immobilized mole- 
cules retained their electrochemical and biocatalytic reactivity; we 
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Figure 2 | Bioelectrocatalytic performance of the HPC anode. (A) Cyclic voltammograms of the HPC anode. The potential of the working electrode were 
swept at 1 mVs" 1 in 1.0 M phosphate buffer containing 0.8 M Glucose atpH 7.0. A solid line shows the voltammograms of HPC anode, and a dashed line 
shows that without enzymes as background. An inlet figure shows linear sweep voltammograpms of the cathode used in this study; a solid line shows the 
voltammograms of the cathode under air, and a dashed line shows that under argon as background. (B) I- 1 curves of the HPC anodes with different 
compositions of the biocatalytic molecules from two averaged independent potentiostatic measurements at —0.4 V vs. Ag AgCI in 1.0 M phosphate 
buffer containing 0.8 M Glucose at pH 7.0. The curve 'GDH, Di 100%' indicates data for the anode used predominantly in this study. After increasing the 
amount of GDH and Di by more than 100%, the current did not increase. On the other hand, less enzyme lead to a significantly suppressed current (e.g. 
33% of the amount, curve 'GDH, Di 33%'). When the Di was decreased by 50%, we observed a significant decrease in the current. A decrease in the 
amount of NAD did not materially affect the current. (C) An I-t curve of an oxidation of ferrocyanide at —0.4 V in 1.0 M phosphate buffer containing 
0.8 M Glucose at pH 7.0. The diffusion-limited current at 1 hour after measurement is considered to be 4 mA cm" 2 based on this curve. 



observed that AQ2S loaded at a concentration of 2.8 (imol crrT 2 was 
highly immobilized on the carbon surface and yet still retained its 
original electrochemical reactivity (see Figure ID and Supplement- 
ary Figure S6). The mediator species can be immobilized on the HPC 
electrode at a density similar to or greater than using traditional 
polymerization techniques, while retaining its electrochemical react- 
ivity, even though the HPC electrodes are carbon-based rather than 
made of metals such as gold 34,35 . Furthermore, more than 90% of the 
enzymes were strongly anchored to the HPC surface through amide 
coupling with the pyrene groups that were immobilised on the HPC 
sufaces before the coupling with enzymes (Figure 3D and 3E). 
Although the pyrene-mediated immobilization of proteins on car- 
bon nanotubes is well established 36 3S , this phenomenon evidently 
also provides an effective means of immobilizing proteins on porous 
carbons whose pores are filled with other molecules. The apparent 
rate constants of the immobilized GDH and Di were calculated as 
2 s" 1 and 8 s" 1 from the catalytic current, 3.1 mA cm" 2 . These rates 
were an order of magnitude less than those in solution. Some immo- 
bilized enzymes may have little or no activity because of molecular 
orientation, being far apart from NAD and AQ2S, and degradation 
while immobilized. The coating of the electrode surface with PLL 
cross-linked by glutaraldehyde, as observed in Figure IE, effectively 
prevented the HPC particles from detaching from the carbon fibre 
sheet due to agitation associated with fuel exchanges, even though 
solution pipetting was performed close to the surface of the electrode. 
This rigid coating of the carbon particles might also be useful in other 
applications where the integrity of carbon particles must be main- 
tained on surfaces and supports in contact with an agitated solution. 

We next examined the performance of a cell incorporating 
the HPC anode via galvanostatic measurements. A test cell was 



assembled with an HPC anode and a biocathode utilizing bilirubin 
oxidase (BOD), which catalyses a reduction of oxygen to water at 
neutral pH with electrons from the anode through an external circuit. 
The cathode reaction was mediated by using ferricyanide as an elec- 
tron transfer mediator; this mediator is convenient to use because it is 
inexpensive, stable, and safe (Figure 1A). Based on our previous 
development work, we fabricated a sink-type biocathode that enables 
electrocatalysis with charge generation on the order of several mA 
cm -26,39 . A water- repelling treatment of the cathode improves its 
maximum catalytic current to more than 15 mA cm" 2 under air 
atmosphere, and enables more than 1.5 mA cm" 2 of catalytic current 
at +0.4 V (Figure 2A) 39 . Since the cathode had a maximum catalytic 
current of 15 mA cm" 2 , nearly five times larger than 3.1 mA cm -2 of 
the anode, the performance of the anode was the rate-limiting com- 
ponent of the cell. Both electrodes were connected by a Ti mesh for 
current collection and a portion of non-woven paper was inserted 
between the anode and cathode as a separator. A polytetrafluor- 
oethylene film was placed on the exterior of the cathode to serve as 
an oxygen-permeable layer without allowing fuel to leak out 
(Supplementary Figure S4B). The measurements were performed 
at 1.5 mA cm" 2 using 3 mL of fuel solution consisting of 1.0 M 
phosphate buffer at pH 7.0 containing 0.8 M glucose. This fuel solu- 
tion was fully exchanged at 5 min intervals during the experiment; 
the short refuelling intervals avoided deleterious effects, including 
the destabilization of enzymes and interference from by-products. 
To focus on refuelling, we believed an accelerated test was warranted. 
The cell was found to consistently generate more than 1 mW cm -2 
over 35 consecutive fuel exchanges, although the cell voltage 
decreased drastically from 0.6 V to less than 0.2 V after approxi- 
mately 40 fuel exchanges (Figure 4A). Since we also independently 
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Figure 3 | Refueling performance of the HPC anode. (A) Galvanostatic measurements of the anode with fuel exchange every 5 min. Measurements were 
performed at 1.5 mA cnT 2 in 1.0 M phosphate buffer containing 0.8 M glucose at pH 7.0. Spikes indicated fuel exchanges. (B) and (C) Leaching of 
immobilized mediator and NADH from both control and HPC electrodes. Remaining concentrations of NADH (upper panel) and AQ2S (lower panel) 
were estimated based on concentrations determined in the fuel solution via HPLC. (D) Elution of enzymes immobilized on an HPC electrode with or 
without NHS-pyrene. Eluted amounts were estimated from densitometry of silver- stained SDS-PAGE results against the input amount. (E) Adsorption of 
NHS-pyrene (which functions as an anchor for the enzyme) into the pores of HPC as monitored by nitrogen adsorption isotherms. 



monitored the anode potential using a Ag|AgCl reference electrode, 
we were able to obtain the cathode potential by subtracting the anode 
potential from the cell voltage (Figure 4B). We determined that the 
cathodic potential dropped in a manner similar to the observed 
decrease in the cell voltage, while the anode potential remained stable 
at approximately —0.4 V throughout the measurement. Therefore, 
the drop in cell voltage is attributed to the decrease in cathodic 
potential. The rate-limiting factor associated with the cathode poten- 
tial drop is not known at present, but possibilities include: leaching of 
ferricyanide, inactivation of the enzyme or loss of the access path by 
which oxygen or air enters the cathode due to infiltration of the fuel 
solution into that path. The leaching of ferricyanide was observed 
even though the amount was less than 10% of the input (Supple- 
mentary Information and Supplementary Figure S7). Cathodes made 
of the same HPC used in the anode was not effective because the 
ferricyanide did not adsorb to the HPC. This behaviour was expected: 
NAD and AQ2S pack well inside the HPC-based material because 
they are neutral or only weakly ionic, however, ferricyanide may not 
pack densely within the pores because it is strongly anionic. Since 
some of the adsorbed molecules also have aromatic moieties, Tt - 7t 



interactions between the HPC surface and these molecules might be 
an important factor in their immobilization. Our HPC system makes 
use of this phenomenon since pyrene derivatives known to bind to 
the carbon surface via Tt - Tt interactions adsorb strongly to the HPC 
surface and work to anchor the enzymes. In future work, based on 
careful consideration of these factors, it should be possible to effi- 
ciently screen for better mediators to use with HPC-based cathodes. 
We assembled a cell with a control anode made of standard carbon 
black with carbon fibres - a common electrode for biofuel cells - but 
the galvanostatic performance of this control cell dropped within less 
than ten cycles; the anodic potential dropped significantly as seen in 
the anodic test in Figure 3 A (data not shown). We assessed the 
refuelling ability by refuelling the aforementioned device every 5 
minutes. We also performed an experiment with a 2-hour refuelling 
interval to assess the long-term, continuous operability (Supple- 
mentary Figure S8). The cell with HPC anodes stably generated 
electricity for 10 hours. The voltage of the cells dropped after 10 h, 
associated with the cathodic potential drop. This result suggests that 
long-term use of the biofuel cell requires an improved cathode, how- 
ever, we believe that this range of performance can be an attractive 
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Figure 4 | Performance of the cell incorporating an HPC anode over 
multiple fuel exchanges. Galvanostatic measurements of the cell with fuel 
exchange every 5 min showing (A) cell voltage and (B) cathode and anode 
potentials vs. time. Measurements were performed at 1.5 mA cm -2 in 
1.0 M phosphate buffer containing 0.8 M glucose at pH 7.0. Spikes 
indicate fuel exchanges and the dashed lines show the course of average 
values at 5 min intervals. (C) Repeated operation of the Walkman® device 
based on refuelling with buffered Coca-Cola®. Each time the device ran out 
of power, we exchanged the fuel with fresh buffered Coca-Cola® and 
restarted it. The dashed vertical line indicates the start of the 2 nd day. At the 
end of 1st day, the cell was thoroughly washed with pure water. 

starting point to construct biofuel cells for week-long to month-long 
operation. More importantly, our biofuel cells demonstrated the 
stable, day-long generation of electricity at more than 1 mW cm -2 , 
even with refuelling and vigorous flushing. Several groups recently 
demonstrated new biocatalytic electrodes that produce high catalytic 
current over a long period of time. Stable power generations with 
those electrodes, however, were not shown; the cell performance is 
governed by multiple factors and not simply determined by the 
performances of the anode or cathode alone 22,23,40 . 

Our primary purpose was to develop a practical biofuel cell for 
consumer electronic devices and we therefore attempted to continu- 
ally power a Sony Walkman® mp3 music player using these cells. 



Our approach was to employ three cells stacked in series, each in a 
6 mL fuel container filled with Coca-Cola®, using the anode and the 
cathode electrodes described above, to generate 1 mW cm -3 of 
power. The Walkman®, thus, powered by these cells, operated con- 
tinuously through 10 cycles of refuelling with Coca-Cola® while 
playing music through passive speakers that were also powered by 
the biofuel cells through the Walkman® (Figure 4C). When powered 
by the control biofuel cells, the Walkman® worked during the first 
cycle and stopped working 10 minutes into the 2 nd cycle. The HPC- 
based biofuel cells were stable throughout the refuelling cycles, even 
though the fuel was exchanged 10 times and each refuelling process 
involved vigorous agitation of the fuel solution close to the electrode 
surface, and relatively rough handling. The Walkman® was found to 
stop playing when the glucose concentration in the fuel solution was 
depleted to approximately half the starting concentration. We cannot 
explain this behaviour at present, but, we believe that there could be 
several explanations: i) a decrease of glucose flux to the anode, ii) a 
localized high or low pH conditions at the cathode or anode, respect- 
ively, outweighing the buffering capacity and proton transfer or iii) 
an inhibition of the reaction by an accumulation of a reaction prod- 
uct or by-product, like gluconolactone or peroxide. These det- 
rimental effects disappear when the fuel is replenished with 
vigorous mixing. When the device was about to run out of power, 
we observed that the pH of the fuel solution decreased to approxi- 
mately 6.0, but recovered to pH 7.0 after refuelling. We also found 
that the cells maintained their performance even when washed vig- 
orously with water and dried overnight at ambient temperature. The 
operation lengths were slightly reduced at the 9 th and 10 th cycles, 
compared to the initial cycles. This reduced performance may be 
explained by cathodic degradation. We expect that the ability of these 
cells to withstand washing and storage will greatly increase their 
practicality. Despite our best efforts, similar, commercially available 
biofuel cells were not available as a comparison. A few educational 
experimental kits of microbial biofuel cells are commercially avail- 
able, such as MudWatt™, however they are not powered by glucose 
and they suffer from several limitations: low power output (less than 
1 (J.W cm -3 ), long wait time to generate electricity (around a week), 
uncontrollable supply of microorganisms as catalyst from soil, and 
difficulty to replace soil. We believe that the biofuel cell presented 
could serve as a foundation for biofuel cells that can be used in 
consumer electronics devices. 

Conclusions 

In this study, we developed a glucose-based mediated biofuel cell that 
was refuelable repeatedly. We accomplished this cell by the electro- 
chemically and enzymatically active and robust immobilization of 
mediator, cofactor and enzymes on a carbon electrode with porous 
carbon particles. This immobilization technique will likely have 
applications to electrochemical devices, such as biofuel cells and 
biosensors, but also for heterogeneous catalysis. This is a particularly 
important discovery for NAD since covalent immobilization tech- 
niques have often resulted in decreased activity with enzymes. 
Although non-covalent immobilization of NAD using CNTs was 
recently reported 41 , the large quantity of immobilized NAD, by our 
method, would be widely applicable for the design of reactors, col- 
umns, biosensors, diagnostic tools and medical treatments 10,11,27,42-45 . 
With this processing technique, we have demonstrated successfully 
the stable performance of a mediated bioanode at a current level of 
1.5 mA cm -2 over 50 consecutive refuelling cycles (Fig. 3A and 4B). 
Importantly, our refuelable, mediated bioanode may be improved to 
allow the further oxidation of glucose to C0 2 since it utilizes NAD, a 
versatile cofactor in the glycolysis process in living cells 30,46-48 . The 
immobilization of both AQ2S and Di in this bioanode thus facilitates 
the transfer of electrons to the electrode via multiple enzymatic reac- 
tions. Our method of immobilization is simple: aqueous solutions are 
added to inexpensive carbon materials for less than 1 hour, eliminat- 
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ing concerns about cost and manufacturability even if using multiple 
biocatalytic components. This biofuel cell also demonstrated prom- 
ising durability - it can be refuelled repeatedly to generate sufficient 
electricity to continuously power both the Walkman® device and the 
connected mobile loud speakers simultaneously (Fig. 4C). We believe 
that this improved durability is an important step towards the 
application of biofuel cells in consumer electronics devices, and will 
greatly facilitate the development of biofuel cells with performance 
levels suitable for practical applications, like a mobile charging 
device. 

Methods 

Materials. GDH (EC 1.1.1.47) was purchased from Toyobo (Osaka, Japan), Di (EC 
1.8.1.4), and bilirubin oxidase (EC 1.3.3.5) from Myrothecium sp. were purchased 
from Amano Enzyme (Nagoya, Japan) and NAD and AQ2S were purchased from 
Oriental Yeast (Tokyo, Japan) and Tokyo Chemical Industry (Tokyo, Japan), 
respectively. PLL used for construction of the anode (MW > 300,000), glutaraldehyde 
and 1-pyrenebutyric acid N-hydroxysuccinimide ester (NHS-pyrene) were all 
purchased from Sigma Aldrich (St. Louis, MO, USA). PLL used for the cathode (Mw 
approximately 8000) was purchased from Peptide Institute Inc., Ltd. (Osaka, Japan). 
Glucose, potassium ferricyanide and phosphate buffer were purchased from Wako 
(Osaka, Japan). All other chemicals were of reagent grade quality. 

Preparation of HPC. A 50 g quantity of rice husks was carbonized in a furnace for 
1 h at 800°C under nitrogen atmosphere to prepare the silica-carbon composite 
(yield: 17 gor34%). A 10 g portion ofthis composite was stirred in 46% hydrofluoric 
acid solution at room temperature for 12 h to remove the silica and fabricate the 
macroporous structure. Following this step, the resulting porous carbon (PC) 
material was thoroughly washed with pure water and ethanol (yield: approximately 
6 g or 60%). HPC was obtained by steam activation of 2.5 g of the PC for 3 h at a flow 
rateof250 mLmin -1 (yield: 1.2 gor56%) and the resulting HPC was pulverized to an 
average particle size of 4 um. 

Preparation of the HPC electrode. The HPC produced by the above process was 
added to a carbon fibre sheet (approximately 300 um thickness) at a concentration of 
3.6 mg cm -2 , followed by the addition of 1.2 mg cm -2 AQ2S and 1.5 mg cm -2 NAD. 
NHS-pyrene was subsequently added to the electrode at 0.3 mg cm -2 , followed by 
0.9 mg cm" 2 GDH and 0.1 mg cm -2 Di. After incubation at 40°C for up to 1 h, the 
electrode was coated with 0.5 mg cm -2 PLL and 0.03 mg cm -2 Glutaraldehyde. 

Adsorption isotherm experiment. Glass tubes containing 50 mg of the bare carbon 
particles or carbon particles loaded on carbon fibre were inserted into a BELSORP- 
Max (BEL Japan Inc.) apparatus, together with a blank tube, followed by heat 
treatment for 3 h at 300°C. Adsorption measurements were performed in liquid 
nitrogen using pure nitrogen gas (>99. 99995%) and pore size distributions were 
calculated on the basis of the non-linear density functional theory (NLDFT) using 
BELSim software (BEL Japan Inc.). 

High Performance Liquid Chromatography (HPLC) analysis. Liquid 
chromatography was performed on a Waters Alliance 2690 system using the 
following parameters. Column: XBridge phenyl (Waters), flow rate: 0.4 mL min~\ 
mobile phase: water/methanol (v/v — 1), detector: UV-Vis (X = 300 nm). 

Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE). 

Samples were boiled for 10 min in a standard SDS buffer and were subsequently 
separated in a 15% polyacrylamide gel at 200 V, followed by silver staining (Bio-Rad). 
Densitometry of the stained gel was performed using the ImageJ program. 

Secondary Electron Microscopy (SEM) and Energy dispersive X-ray spectroscopy 
(EDX). The HPC anode was directly set on stage in the chamber of SEM (S-3400, 
Hitachi), and then imaged at 15 kV of accelerating voltage under less than 0.1 Pa at 
room temperature. Element mapping was performed using the same sample by EDX 
implemented in the S-3400. 

Electrochemical measurements, (i) Bioanode measurements. An electrochemical 
cell for testing of the bioanode was assembled using an acrylic chassis with a titan 
mesh as the electrical collector, in a manner similar to a previously reported 
apparatus 6 . CV and galvanostatic measurements were performed using a 1480 Multi- 
stat (Solartron Analytical) in a three- electrode system without forced convection at 
room temperature, in which the bioanodes were used as the working electrode (W.E.). 
A Pt wire and a Ag|AgCl|sat. KC1 electrode were used as the counter electrode (C.E.) 
and reference electrode (R.E.), respectively. The measurements were performed in a 
1 .0 M phosphate buffer at pH 7 containing 0.8 M glucose, (ii) Cell measurements. We 
constructed a passive-type biofuel cell in which a paper was sandwiched between the 
bioanode and the biocathode to prevent electrical contact between them. The 
electrochemical analyses were performed using this same apparatus, (iii) The test for 
the Walkman®. The three cells were stacked in series to power the memory-type 
Walkman® (NW-E042, Sony) at 1 mW cm -3 of average power density. A fresh room- 
temperature Coca-Cola® buffered with 1.0 M phosphate buffer at pH 7.0 was used as 



a fuel. The music was played by an auto-repeat mode with the passive speakers system 
(SRS-P1 1Q, Sony), which was powered by Walkman, at a middle volume. 
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